We present detailed studies of potassium (K) 
INTRODUCTION
Intensive attention has recently been paid to energy conversion using thermoelectric principles, which can directly convert both waste heat and solar energy into electricity. [1] [2] [3] Large scale applications call for thermoelectric materials with high dimensionless figure-of-merit ZT = [S 2 σ/(κ L+ κ e )]T, where S is the Seebeck coefficient, σ the electrical conductivity, κ L the lattice thermal conductivity, κ e the charge carrier thermal conductivity, and T the absolute temperature. [4] [5] [6] [7] Accordingly, a combination of high Seebeck coefficient with high electrical conductivity and low thermal conductivity is desired and has been pursued. However, it is difficult to optimize one parameter without deteriorating the others.
Complex crystals are normally considered to have the advantage of decoupling the inter-related three quantities with the concept of "electron-crystal phonon-glass". [8] [9] [10] Nanostructuring is the major approach for ZT enhancement since it allows independent tuning of all the parameters. [11] [12] [13] [14] [15] [16] [17] Lead telluride (PbTe) with simple face-centered cubic rock salt structure is one of the most studied thermoelectric materials suitable for the intermediate temperature range
(600-800 K). [18] [19] [20] [21] Its cheaper sister compound, lead selenide (PbSe), has also decent ZT. [22] [23] [24] Excellent progress has recently been made through band engineering, such as resonant states [18] [19] 23 and bands convergence, 20, 22, [25] [26] leading to improvements in both the electrical conductivity and Seebeck coefficient simultaneously without too much affecting the thermal conductivity. 27 Good results were reported in Tl doped PbTe, which pushed ZT value to ~1.5 at 773 K by creating resonant states near the Fermi energy. 18 Recently, Al doping was reported to have resulted in n-type resonant doping in PbSe with a peak ZT of ~1.3. 23 A great deal of theoretical work has been performed to find possible new resonant dopants in PbTe and PbSe. [28] [29] [30] It was predicted that alkali metals (K-, Rb-, and Cs-) can create resonant density of states (DOSs) distortion in PbTe, but not Na since Na does not change the DOS near the top of the valence band. 28 However, PbTe doped heavily with Na still led to high ZT values, which is believed to be the result of the coexistence of light (L) -and heavy (Σ) -valence bands in PbTe. 31 Effective doping of Na moves the Fermi level close to the Σ band, which has much larger DOS, helping increase the Seebeck coefficient. 20, [32] [33] [34] Characterizations, X-ray diffraction spectra analysis was conducted on a PANalytical multipurpose diffractometer with an X'celerator detector (PANalytical X'Pert Pro). The electrical resistivity (ρ) was measured by a four-point dc current-switching method together with the Seebeck coefficient based on the static temperature difference method, both of which were conducted on a commercial system (ULVAC ZEM-3). The thermal diffusivity (α) was measured on a laser flash apparatus (Netzsch LFA 447) and the specific heat (C p ) was measured on a differential scanning calorimetry thermal analyzer (Netzsch DSC200-F3). The volumetric density (D) was measured by the Archimedes method and shown in Table 1 compared with the theoretical density D T . The thermal conductivity κ was calculated using κ = DαC p . The Hall Coefficient R H at room temperature was measured using the PPMS (Physical Properties Measurement System, Quantum Design). The Hall carrier concentration n H and Hall mobility µ H were calculated using n H = 1/(eR H ) and µ H = σR H . It is understood that there is a 3% error on electrical conductivity, 5% on Seebeck coefficient, and 4% on thermal conductivity, so it is 10% for power factor and 11% for ZT value. For better readability of the figures, we deliberately plot the curves without the error bars. 
RESULTS AND DISCUSSION
Comparing the ionic radius of Pb, Na, and K, shown in For samples K x Pb 1-x Te (x = 0.01, 0.0125, 0.015, and 0.02), the electrical conductivity, Seebeck coefficient, power factor, thermal diffusivity, specific heat, lattice thermal conductivity, and total thermal conductivity were measured and presented in Figure 1 (a)-(f), respectively. The electrical conductivity at room temperature increases a little bit with increasing K concentration, but no change is seen at high temperature, where all samples show a decrease with temperature ( Fig. 1(a) ). The Seebeck coefficients of all samples, shown in Fig. 1(b) , change only slightly, which is likely due to the contributions from both the light and heavy holes with the high carrier concentration. 26 Power factor increases with increasing K concentration and peaks at about 500 K, shown in Fig The Seebeck coefficient, S L , and carrier concentration, p L , for a single non-parabolic light hole band at the L point is
where k B is the Boltzmann constant, e the electron charge, Combining the relaxation times using Matheiessen's rule: 1/τ=1/τ I + 1/τ D , there is almost no difference in the light hole Seebeck coefficient from the results when only the τ D was included.
For the heavy hole band, taken along the Σ direction in Brillouin zone 37 , the Seebeck coefficient, S Σ , and carrier concentration, p Σ are,
Here, m*/m e = 2 38 is the density of states effective mass for the heavy holes,
€ ΔE is the energy difference between the light-hole and heavy hole band maxima whose value is discussed below. Note that for this parabolic band, α = 0. The total Seebeck coefficient from both hole bands, S total , is taken to be:
where σ L and σ Σ are the electrical conductivity from L and Σ bands, respectively.
37
The total Hall carrier concentration for a two-band system, p H , is related to the carrier concentrations in each band, p L and p Σ , as described previously in Refs. 25 and 37. This expression is provided in the Supplementary information and Refs 25 and 37. In Fig. 2 Fig. 1 (a) ), which is the determining factor for the S flattening.
Furthermore, the decrease of electrical conductivity with temperature is faster in K doped samples, exhibited by the power law exponents, δ, of the electrical conductivity (σ ≈ T -δ )
presented in Table 1 .
Generally speaking, the total thermal conductivity κ is the sum of the charge carrier thermal conductivity κ e and the lattice thermal conductivity κ L , where κ e can be calculated via 
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Where L L , L Σ and L total are the Lorenz numbers from L band, Σ band and both bands, respectively. Because of the low electrical conductivity, the carrier thermal conductivity is also low. With almost the same lattice thermal conductivity (the same lattice scattering), we achieved lower total thermal conductivity compared with Na-doped PbTe. 20 The highest ZT value is ~1.3 at ~673 K for K 0.015 Pb 0.985 Te shown in Figure 3 , which is comparable with Na doped PbTe at the same temperature. In both Pb-Te and Pb-Se systems, K + and Na + dopants substitute Pb 2+ , and both K and Na substitutions reduce the Pauling's electronegativity (PE) of Pb 2+ , shown in Table 2 . In spite of the comparable ionic radius, the solubility of K and Na is determined by the difference of electronegativity between the average anions (Te 2-or Se 2-) and cations (Pb 2+ together with K + or Na + ) after doping. Typically, larger difference results in higher solubility.
Since K has a lower electronegativity than Na, the average cation electronegativity after doping will always be lower in the case of K substitution. For Pb-Te, lower average cation electronegativity reduces the electronegativity difference between Te 2-and Pb 2+ , so K has less solubility than Na in Pb-Te. For Pb-Se, the situation is opposite (lower average cation electronegativity enlarges the electronegativity difference between Se 2-and Pb 2+ ), thus K has higher solubility than Na in Pb-Se. (shown in Fig. 2 , filled squares). Again we draw the room temperature Pisarenko plots for single nonparabolic band model (dashed black line) and multi-band model (solid black line).
Here we have taken with the effective mass of light hole m L */m e = 0.28 23 and heavy hole m Σ */m e = 2.5 for PbSe, which was obtained from a first principles calculation 39 , There is not much difference between the two models, suggesting that most of the contribution comes from the light hole band at room temperature, which agrees well with the previous results. PbSe with L obtained from Eqs. 6, 7 and 8. We noticed that the electrical conductivity decreases rapidly with increasing temperature, indicated by δ shown in Table 1 . However, with the high start point of the electrical conductivity and the high Seebeck coefficient, the maximum ZT value reached was ~1.2 at 873 K, as shown in Figure 5 , but the average ZT is clearly lower than that of K doped K x Pb 1-x Te. Both the maximum ZT and the average ZT are comparable with Na doped PbSe. After studying the K doping in PbTe and PbSe independently, we turned our attention to studying K doping in PbTe 1-y Se y aiming at simultaneously increasing the power factor and further reducing the thermal conductivity to achieve higher ZT. We fixed the K concentration 
where y is the concentration of Se. 37, 40 It has been concluded that the convergence of the electronic bands can provide more benefit for the enhancement of Seebeck coefficient from double bands. 25 However, L band will move gradually below Σ band at certain temperature and depart from the convergence when y = 0 (PbTe). So we use Se to increase the T cvg , which
gives the most optimized Seebeck coefficient at high temperature, demonstrated in Figure 8 (b). With increase of Se, the temperature for highest Seebeck coefficient increases. The highest Seebeck coefficient is ~320 µVK -1 at 775 K, much higher than that in Na doped PbTe 1-y Se y ~220 µVK -1 at 775 K. The successfully improved carrier concentration compensates the loss in the carrier mobility for the increased scattering of the electrons, which keeps the electrical conductivity the same at low temperature, see Figure 8 (a).
Fortunately, the decrease of the electrical conductivity is slowed down with temperature, giving a smaller δ shown in Table 1 . As a result, the power factor is enhanced at high temperature as shown in Figure 8 (c). 
CONCLUDING REMARKS
Potassium, an acceptor dopant in K 
where A L is Hall factor for L band, and A Σ is the Hall factor for the Σ band. Expressions for A L and A Σ have been presented previously 37 . 
